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* NOMENCLATURE

C.A Axial force area

A
n Number of units in car
o dynamic pressure -
Vg Relative wind velocity
V. Train velocity
Vw True‘wind,velécity
a Wind angle

Y Yaw angle

- Subscripts: X
L " - Leading unit
M Middle unit
T '~ Trailing unit
Note: Leading - Unit in lead when going forward |
Middle =~ Unit in middle

Trailing - Unit in rear when going forward
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INTRODUCTION

, The development of multlmodal frelght systems has led to -
the conceptlon of several ‘new multlmodal ‘railroad car’ de51gns.f
Thls report descrlbes a series of wind tunnel tests performed
to obtaln the aerodynamic characterlstlcs of these cars and a
‘comparlson-w1th the TTX car which was exten51vely tested ln
; Reference 1. Five new conflguratlons were tested:" .
B Traller Train Prototype 40 and 45 ft. trallers
Santa Fe 10 Pac ' ' 40 and 45 ft. trallers,h

Paton Lo Pro B .40 and 45 ft. trailers
‘ « - 35 and 40 ft. contalners

Roadrailer . 45 foot trallers IS

© ‘Southern Pacific Double 3 _ R
. Stack Articulated ' T
Container Car = 40 ft. containers

“Three of the configurations were for trailers only. The Patonbf
Lo Pro accomodates both trailers and contalners, and the South-
fern Pacific Double Stack is for containers only. Most of these

concepts also employ artlculated cars made up of’ unlts of about&'ﬁi

:‘f45_feet in length. The Santa Fe: 10 Pac employs ten such unlts

“to form a car; the Paton Lo Pro, six units; the: Southern Pac1-h-/“ .

;flc Double Stack, three unlts,'and the Traller Traln Prototype,_‘

Vprtwo unlts.

TESTING METHODS | :
- The tests were run in the 10 foot GALCIT Wlnd Tunnel at’
A_the Callfornla Instltute of Technology in Pasadena, Callfor-_
- nia (CIT) " The. technlque used was 51mllar to that used in.
the tests reported and dlscussed in References l and 2 A
'ground plane was 1nstalled across the wind tunnel and: the"
" model train mounted on a track on the ground plane._ The'
.ltrack was attached to a yaw table that could be used to yaw
the model up to an. angle of 30°’“_The,tra1n.tested cons;sted
of a locomotive (GM SD45-2), from three to six units "c'j>_f»~the"”
, r



configuration'in question, and a final boxcar. " The restraints
of the wind tunnel require that the train tested be consider-
~ably shorter ‘than an actual consist. The models were 1/43 .
scale resultlng in a total train length of about 9 ft. De-
pendlng on the configuration, one or two units of the type
being tested were located on the balance which measured the
six components of force and moment. The test configuration was
designeduto place the units located on the balance (called the -
metric units)'in a typical location with respect to the sur-
rounding'units that they would occupy~in a typical train. The
'implicit assumption'was made that only a few of the units ahead
of and behlnd the metric units were important in effecting the
- flow’ about the metrlc units. The assumptlon was required by .
the limited length of the wind tunnel test section. A trade’
off ‘had to be made between the number of units in the train
tested and the scale of the models. The l/43 scale was selected
because model: traller kits were available in this scale and it
was sufficiently close to the l/48 scale used in O gauge rail-
road models such that. 0 gauge wheel trucks could be used on the
models. _ o

: The multlunlt cars of these conflguratlons posed problems
'whlch had not been 1nvolved in the prev1ous conflguratlons

'fltested. Since an entire car was too long to fit on the exist-

‘1glng balance assembly and also too long to fit in the wind
”tunnel (along ‘with additional units ahead and behind) it was"
xdec1ded to test the car by units. Two units of approximately

45 feet scaled length which was the unit length of all of the

conflguratlons ‘except the Southern Pacific Double Stack would -

flt,on the balance. The Southe:n Pacific Double Stack units
were about 60 feet scaled length'and'only one unit was located

. on the balance at a time.. The tests had to be designed so that’

thevunits on‘the balance'were'surrounded by the proper units

and every configuration of metric units and sufrounding‘units
which exist in the actual configuration was modeled. To ac-
d“complish'this-onlyfone configuration of units was required for
the Trailer Train'PrOtotype, three for the Santa Fe 10 Pac, two

2



L , o

for'the_?aton Lo Pro}3one-for the Roadrailer;‘andgthree for the
Southern Pacific Double Stack. L - o
- This system of testlng ‘had the advantage that it deter-

vmined the~forces on individual or small numbers of units. .This
allows . the‘force on a variety of car configurations made up?of
dlfferent numbers. of thése units to be determlned from thlS one. -
set of tests. The axial force, which is probably the one of
- greatest interest, for the entire'car or for ‘an entire train of
'llke cars, can be determined by adding together :the ax1al forces
_measured in the 1nd1v1dua1 tests. Other forces such as lift
and 51de force and the rolllng moment are. of greatest lnterest
for individual units. While the individual units of a car Offer
some restralnt on each other relative to being blown off the »
.track, the restraint is limited and it is useful to know the. ef-'
'fect on each 1nd1v1dua1 unit. "The dlsadvantage to this mode of f
‘testing 'is that it is more compllcated and requlres a greater -
| number of - tests to achleve the results for a complete car.
- _The wind tunnel conflguratlon is shown in Flgure 1. The
',metrlc bar is 21 ‘inches long and mounted in a slot along the .
centerllne of the track It is set at a level sllghtly belOW'
that of the track. .. The opening is then brldged with-a. th1n

' sheet of metal w1th holes through whlch pass the hold—dOwn

“,fscrews of -the various: unlts mounted on ‘the balance. - In" thlS

" way the ‘balance plate is shlelded from the air flow.; The cars- ‘
'.are supported sufflclently hlgh so that thelr wheels are sllghtly '
ralsed above the ‘track: to prevent contact w1th the metal cover )
plate. , ;, e ' ‘ , A “,
Aerodynamlc theory and practlce has establlshed that aero-

' l;dynamlc forces on objects scale as the dynamic pressure ‘of the

air. flow, one half the a1r den51ty tlmes the veloc1ty squared

' Tests at dlfferent velocxtles can be correlated 1f the. actual
forces - are d1v1ded by the dynamlc pressure to form a. number f'*
'whlch ‘has . the dlmen51ons of area. Once thls force area ‘has

been - determlned for tests at one veloclty 1t can be used to pre-
dlct forces at any veloc1ty by multlplylng the force area by the
appropriate dynam;c pressure. Thls same concept .can be applled'



to moments. In thlS case the number obtalned by d1v1d1ng the
moment by the dynamlc pressure has the dimensions of area. gTo
fac111tate in this. process Table 1 shows dynamlc pressure ‘as a
5nfunct10n of relative wind veloc1ty for sea level conditions.

For 1nstance, if the axial force area were 20 square . feet, ‘the -
.axial force at 50 mph would be 6.384 pounds per_square_foot

tlmes 20 Square feet equalllng 127 7 pounds. At 70 mph, the
dynamlc ‘Pressure would be '12.513 pounds per square foot: and the B
force 250 3 pounds..

FTEST GONFIGURATIONS .

' The: Traller Train Prototype is a two- unit car, each capable
‘ of'carrylng a..45 foot or shorter traller. Both units of the:car
 were mounted. on; the balance and two additional two-unit cars '
'were used ‘ahead of and behlnd the metric unit in addltlon to the
locomotlve and boxcar at either end of the train. Drawings of .
the models are shown in Figure 2, the locations of the trailers
and cars ‘as mounted in the w1nd tunnel in Figure 3, and a. plc— '

ture of ‘the configuration mounted in the wind tunnel 1n Flgure 4

-h'The car was tested with both 40 and 45 foot. trailers on. all unlts

‘and for travel in forward and backward dlrectlons.‘
' The Santa Fe 10 Pac. is a ten unit car which can carry 40 -
Aand 45 foot trallers, Figure 5. The two end units are_dlfferent/

",than the elght middle units. The end units are identical[except

that they are. turned in: opp031te dlrectlons The result ‘is

that the trailer on the rear unit faces in the OppOSlte direc~
'tlon from the trailers on the'other nine units resulting in a’
"differentggap between'the trailer on the ninth and tenth unit.
-Three'middle-and-two end unit models were constructed. This car
had to be testedwin‘the'following:manner: o

Forward Units . Metric Units ‘Trailing Units
Forward tests: . . S O
Leading, middler = Middle, middle .~ Trailing
Middle, middle . = -Middle,: trailing . Leading

Mlddle, tralllng _ Leadingi,middley Middle

;Backward tests: ~ ‘ _ E
Trailing, middle - Middle, mlddle Leading

Middle, leading . . Trailing, middle = Middle = |
Mlddle, mlddle A . Middle,. leading . Trailing



The ratlonale behlnd settlng up thls arrangement was so that
che metrlc units would always' be preceded by two unlts ~and
tralled by one which correctly 51mulated the real 51tuatlon.
The spac1ng for the’ trallers and car unlts mounted in the ‘wind
tunnel_ls shown in Figure 5. Photographs of the conflguratlons
are shown in Figure'G The car was tested with both 40 and 45
' _foot trailers and for travel ln the forward and backward dlrec-
tions. . = o i _ ’
The Paton Lo Pro is-a six unit car de51gned to carry 40 ‘
and 45 foot trailers as well as 20, 35, ‘and 40 foot- contalners._
The,car consists of four_mlddle units, a leading and~g tra;llng
unit.  All the trailers face in the same direction. Models of
a leading, trailing, and three middle units. were constructed, - -
Figure'7' These unlts were tested in two dlfferent arrangements L
as follows: o

.+ Forward Units”‘ .~ Metric Units ‘_:' 'Traiiing-Units73.
‘Forward tests: - _ . ,
Leading, middle " Middle, middle Trailing
fMiddle,'middle _ Trailing, leading Middle ..
| Backward tests: . - S e
" Trailing, middle ' .Middle, middle . Trailing’
Middle, mlddle' Leading, trailing Mlddle

The spac1ng of the trailers and containers on the cars are shown ;fgs7

. in Flgure 8. Photographs of the conflguratlons are shown 1n
'céFlgure 9. ThlS car was tested with 40 and 45 foot trallers, 35
'-Tand 40 foot contalners and for travel in the forward and back-

" ward' dlrectlons. . ' :

A The Roadraller conflguratlon con31sts of ldentlcal unlts
;whlch are used to form a traln. They are all 45 foot ‘units.
For these tests, two- units were mounted on the balance with two
'unlts‘aheadﬂand_two,unlts behlnd, A draw1ng-of the Roadraller,

and the'Spacing,in the wind tunnel is shown in Figure”lo. - Photo-

. graphs’ of this configuration are shown in Figure 1ll. -These units

were tested in the forward direction'only since the déveloper has.
vnot 1nd1cated the fea51b111ty of hlgh speed line’ haul operatlons
in the backward dlrectlon._~ ' _ S,

The Southern Pac1f1c Double Stack 1s desxgned to carry 40 .
foot contalners only It is a three unlt car con51st1ng of WO
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end units and one middle unit, Figure 12.  The conflguratlon
was tested in three tests 1ocat1ng each unlt on the balance as
follows: ' '

Forward Units - " Metric Units = | Trailing Units
Leading =~ = . -~ | Middle " Trailing
Trailing - '+ Leading - Middle

¢ . Middle - ' : Tralllng . - Leading

The . spacrng of the units is shown in Flgure 10 and photographs

in Flgure 13. Slnce this unit is symmetrlc it was only tested
+in one dlrectlon.' ‘ ' .
' - The TTX car had prev1ously been tested w1th 40 foot trailers
‘in bothithe forward and backward directions and with 40 foot con-
tainers in one direction. A checkfrun was made with this con-
'figuration'using 40 foot trailers traveling in the backward dir-
 ection.’ A,dranng of the TTX car along with a photograph in the
wind tunnel is shown in Figure 14. Other than this, the results
from the previous testing, Reference 1, will be used in this re-
'port. In comparlng the results presented in this report to those
in Reference 1 please note that these results are half as large

. because they are per trailer ‘and not per car.

pTEST RESULTS

The w1nd tunnel results are shown in tabular’ form for R
;fax1al force area, Table 2; lift. force area, Table 3; side force'
.Jarea, Table 4; and rolllng moment volume, Table 5. These tables
show the results for the different units mounted on the balance.
In order to combine these results for the different units
1nto that for a multiunit car, it is necessary to add together
the dlfferent resultsa' ‘The following- relations are used to
'obtaln axial force results for complete cars. |
Santa Fe: The results obtained here are only appropriate
‘for a car of four units or greater. The appropriate relation
is SR T _ | | '
. CpA = (CAA)LM '4(c' 'Af)' o+ (CAA)MT |
‘where n is-the total number of unlts. n‘wauld be ten for the
10 Pac configuration. _ o '
' ‘Paton Lo Pro: From thlS data, axial force can be deter-
mined for cars of four. or more unlts, The appropriate_rela—‘
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_tion is A
| CAA— (c R) gy * 2”(CA) o
n equals 51x lS the conflguratlon shown by Paton..f

Southern Pac1f1c Double Stack- 'This data can be used to
determlne the ax1al force on cars of three unlts or longer. ' The. -

:approprlate relatlon is o : ' : _ .
CpB = (GA), + (n—2)(cAA)M + (CAA)T

A three unlt car is the conflguratlon used by Southern Pac1f1c._
' Traller Traln Prototype‘ The results are only appropriate -

for the two unit car as used by Trailer Traln. _ .
Roadrailer: The results are appropriate for 51ngle unlts

- and applled to as many of these unlts coupled 1nto a traln as

desired." | | h N PR
TTX-e The TTX car wasltested as a single unit and the fé;ﬁ f”
_sults have been presented 1n Reference 1. 1In thls present S

'serles of tests, a check run was made to compare with these preff ‘

'] v1ous results and this comparison is presented in Appendlx B. '
Spec1al formula for obtaining the axial force area for carslf
'_,that were tested as separate units have . now been given. - These :
-fformula have not been included for cars that were tested as com-
plete unlts since they - do not appear to be necessary.‘ Once ‘the V_
‘force area . for a car has been obtalned the force area for tralns

made up of these cars can ‘be obtalned by multlplylng the value
fpfor ‘one car ‘by the number of cars. '

'AXIAL FORCE A ,

| Us1ng these relatlons, ‘the tests of the varlous unlts have |
been used to f1nd the axial force on the entlre car of the
number of unlts suggested by thelr developers. The- force on

- the entlre car is then d1v1ded by the number of trallers or con—‘

tainers: carrled to arrlve at an ax1al force per traller or con—-
talner. Thls is’ done since the cars are of: dlfferent 51ze and
it is not. meanlngful to compare them on a car- for car basis.
This ax1a1 force 1s also the ax1al force- per unlt 51nce each
'unlt carrles only one traller or contalner except ‘for. the South—
ern Pac;f;c.whlch hasutwo,contalners‘per,unlt.» The axial force



per container or traller is shown 1n Flgures 15 - 20. 'Two::“
ordlnate ‘gcales are used to glve the force ,as.a force area and
as the actual force assuming . 70 mph relatlve wind veloc1ty._]In-'
these flgures, the attempt has been made to group the results |
for the dlfferent configurations’ together on the same flgure

“to faCLlltate comparlson between dlfferent ways of loading or
"operatlng avpartlgular type of equipment. ~Another presentatlon

of these same results is shown. in Figures 21 - 23. Results for
“:the dlfferent conflguratlons are grouped together accordlng to |
-ygthe type of load carrled, 45 foot trallers, 40 foot trallers,
f:and contalners. ' _ . '
Flgures 21 -‘23 prov1de an easy way to assess the aero-'
'f_dynamlc efflclency of the varlous designs. - These figures show
7ffthe advantage of having the trallers facing forward rather than g
.backward.. ThlS is because the forward corners: of the trailers.
are rounded .and the rear corners are sharp. , This dlfference .
can’ be as large as the difference- between conflguratlons.< Eor'
'ﬁthe 45 foot trallers Flgure 21 shows that the most efflclent is
the Roadraller and the least eff1c1ent is the Traller Traln |

U_Prototype. “The . Santa Fe 10 .Pac and the -Paton Lo Pro’ are about

'“Pthe same except: that the. Paton Lo Pro is poorer backwards ‘at.
{large angles or yaw. ‘The lower proflle of the Paton Lo. Pro is
“Tapparently compensated by the shorter length per unit and ln-

"i;"creased number of units per car for the Santa Fe 10 Pac..'The~

'greater spac1ng between trallers probably accounts for. its
hlgher -axial force at larger angles of yaw. For the 40 - foot
.trallers,.Flgure 22, the relatlons between the: various designs
fremaln about the ‘same. However, the Paton Lo Pro tends to be
somewhat better with respect to the Santa Fe 10 - Pac for the’

40 foot trallers than for the 45 - foot trallers.‘ The axial force
is generally hlgher for the 40 foot trailers than for the 45
foot. trallers for all de51gns. ThlS can be. seen more ea51ly in.
"'Flgures 15 - 17. The TTX car compares favorably with. the: newer
de51gns for carrylng 40 foot trallers. The'new‘configurationS‘
are des1gned to carry 45 foot trallers .and are less eff1c1ent

when carrylng 40 foot . trallers. The - -comparison for contalners-
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,
is-limited'to Only°threefdesigns,'the:Paton Lo Pro, the Southern
Pacific Double Stack, and ‘the TTX. ' The Paton Lo Prowand the
Southern Palelc Double Stack are about the same when the South- -
ern Pac1f1c Double Stack 1s carrying only one container per
unit;.'When‘lt is. loaded with two containers 1t clearly has lower
axial force per container. At first it mlght seem that the South-
ern Pacific Double Stack w1th a two container load was aerody- _

“namically ineff1c1ent because of its height. On‘further reflec-»

 tion it seems‘reasonable,'and is born out by the tests, that the
additional container oniy adds the frontal area of the container -
‘and does not double the axial force while doubllng the number
‘of contalners. The Southern Pac1f1c Double Stack car does have
the dlsadvantage that it has a large axial force when emptv;.”
This is - because of the bulkheads at the front and the rear of

" each unit. The importance of this effect will depend on the'
amount .that this car must be run in the empty condition;' The
TTX car gives considerably lower drag than the Paton Lo Pro
'and‘only a little more than the Southern Pacific Double Stacka
The poor relative performance of the Paton Lo Pro is caused by
the fact- that lt is not lower than the TTX car when carrying: o
contalners ‘but is cons1derably longer with large gaps between .
the containers. ’ ‘ ’
LIFT, SIDE FORCE, AND ROLLING 'MOMENT . . ‘

' Llft, side force,'and rolllng moment do not have a prlmary x':
effect on the eff1c1ency of the traln ‘but can contrlbute to ca—"
tastrophlc events such as derallments. For these forces and

, moments, an average over all the unlts»of a car does not seem

to be the best since an- 1nd1v1dual unit .could be deralled if

the forces on it were too hlgh (there is only llmlted restralnt

between the different units). Slnce in several cases the forces_

on multlple unlts have been measured together, it may 'be neces-
sary to make certaln assumptlons in determlnlng the forces on

the separate unlts. For the Traller_Traln;Prototype, the force
on the two units has always been;measured~together'and there is

' no way ofdseparating,between the forward and-trailing unit.- For

g



the Santa Fe lO Pac, . the force on a mlddle unlt can be taken
as half the force measured on two unlts. The force on the
,leadlng and tralllng ‘cars can then be determlned by subtract-
ing the force on a mlddle unlt from the combined measurement
of the leading middle unlts and middle trailing units to obtain
.the forces on the leadlng and tralllng unlts only. For the
Paton Lo Pro the force on ‘a middle- unlt is’ half the force .on © -
the two mlddle unlts. In order to separate the ‘forces on the
leadlng and tralllng unlts the assumptlon has been made that
'the forces on the tramllng unit are the same as on the middle
‘unlt and the forces on the leadlng unit are- then obtained by -
“subtract;on. Results from the tests of the Santa Fe units seem
to Hear out this assumpt;on. For the Southern ‘Pacific Double
Stack the forces on the indiv1dual unlts were measured and the
~Roadra11er units are all similar, so there is no problem with
either of these configurations. © - ' v

. Tables 3 - 5 show the lift, 31de force, and rolling mo-
ments_on,the varlous units as tested in the ylnd tunnel, All
of.theSe'forces»and moménts*are small at zero yaw angle. The
slde forces and rolllng moments should be prec1sely zero at?
‘thlS condltlon. - For the 1ift forces a p051tlve value shows an
=upward force. At zero yaw the: forces are generally small

- gcompared with the values at large yaw -angles and some tests

show negat;ve.values. The tests were not de51gned to measurev
fthesefsmall valuesiand little 51gn1f1cance should be attached

- to them and to the variation in the sign.  If the train is -
truly:symmetric.and at zero yaw angle, symmetry arguments re-
quire that the side force and rolling moment be zero.' Most of
the zero‘yaw-angle results in the ‘two tables for'side force and
rolling moment ‘show negatives; ‘The‘definition of positive and
h negative in these two quantltles as well as the yaw angle 1s,

" of. course, arbltrary They -have been chosen such that at a

p031t1ve yaw angle a side forcde towards the lee side of the
vehlcle 'is called p051t1ve and the’ rolllng moment caused by
such a force is also positive. - The predomlnance of- negatlve
side forces. and rolllng moments at nominal zero yaw angles in-
dicates most llkely that this was not precisely zero yaw angle

w0



but probably sl1ghtly negatlve.: The-magnitude; relative to
the magnitude at larger yaw angles, shows that small errors in
yaw: angle would account ‘for these results. . There are other ex-
planatlons such as the cars not belng prec1sely llned up with
each other that could account for these effects. The readings
- at zero yaw angles cannot be con51dered a 51gn1f1cant aerody-~.
3vnam1c result and as such should be- 1gnored. "
‘ ~ The lift, 51de force, and rolling moments expressed as
."force areas and moment. volumes and also as forces and moments -
‘at 70 mph relative w1nd velocrty for the dlfferent conflgura-
.;tlons are shown in Flgures 24 - 38.° The general conc1u51on is
-that the hlgher conflguratlons glve hlgher llft, 51de force,
‘and . rolllng moments.
’ The rolllng moments result from a comblnatlon of force5~f
'-whlch include the side’ and 1ift forces. ‘The - rolling moments
'act ‘about the longitudinal center-llnes of the vehlcles as -
’7pr03ected in the plane deflned by the. tops of the ralls. Thls- ‘
'data would be useful in performlng analyses of vehlcle stability
whereln the crltlcal Cross w1nd cond1tlons for rollover are to
be estlmated. It should be noted that due to dlmen51onal llml-jT
‘4tatlons of ‘the tunnel, . -data was acquired for yaw angles only
" between 0 and 30 degrees. Rolling moment data for the. range ofz_?l
:_from 30 to 30 degrees would be necessary to fully study the
. Cross: w1nd stablllty 1ssue.* ' o "

Lo . : .
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Middle Unit on Balance, Two. 40' Containers
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Figure 13. Southern Pacific Double Stack A;ticulated Container
Car in Wind Tunnel.
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TABLE 1

DYNAMIC PRESSURE q AS A FUNCTION

OF - RELATIVE WIND VELOCITY VR

| VR(mph)' : q(#/£L2)

10 © .2553
20 ©1.0214
30 . 2.298
40 - = - 4.085
50 - . 6.384
60 . . 9.193
70, . 12,513
80 - - 16.343
’0 .. 20.684
100 . . - 25536



'TABLE 2
AXTAL FORCE AREA-C,A

|40 ft. traiiers; facing backward = . .

‘ | (fe.2y
’ i :: o For;l or éfﬁni;sAas:Specified
0. . YAW ANGLE - -
I 0 6 12 18 26 30
UNITS ON BALANCE o o
SANTA'FE . - | |
454ft:{traiiefs, facing forward . S
 leading, middle 46,63  59.55  99.79 117.43
| Middle, middle 37.93 . 48.66 . 79.49  97.24 103.79
M;d&le,ftfaiiing 41.87 -54;49_, 94.85 -~ 117.76
40 f;:_trailers,_faciﬁg'forward A_ , _
Leading, middle  47.19  57.08  97.09 113.23 . .
Middle, middle . 52.42  56.00  90.71 = 108.43 119.42
© Middle, trailing  55.74  65.41 . 107.85 147.92
45’ft; tréiiers, facing back&arda {_'; _ ) _ .
 Trailing, middle  44.70  60.31  106.87 127.31. 143.54
Middle, middle ~ 44.03 -56.98  94.20 111.23.
. Middle, leading  50.89  66.54 . 110.40 130.59

" Trailing, middle  53.09  71.37 . 117.51 153.61 181.09
Middle, middle , 51.48 70,67 129,03 159.23 168.43
 Middle, leading  53:17 78.26 - 146.33 179.51
'Empfy; facing forward: T v :
Leading, middle 14,27  19.50 . 27.43  37.85  44.29 |
Middle, middle 16.56  20.84 ~ 28.65 ~ 34.68  38.97  43.13
Middle, trailing  16.35  24.46  32.76  37.32  42.66  45.89

64



. UNITS ON BALANCE
PATON LO PRO

40 ft. trailer, facing forwa:d-
42,47

Middle, middle

' TABLE 2 (continued)

6

46.96

Trailing, leading 47.89  55.84

‘-_'45_ft. trailer;.faciﬁg forward

Middle, middle

37.55

| 42.07
Trailing, leading . 47.53  54.33

- 40 ft. trailer, facing backward

Middle, middle
Leading, trailing

© 37.68
51.38

50.03

53;89

45 ft. trailer, facing backward

Middle, middle
Leading, trailing

32.41

57.24

.Empty, facing forward .

Middle, middle
Trailing, leading

40 fﬁ. container

Middle, middle =
Trailing, leading

.35 ft. coﬁtainér
Middle, middle
' Trailing, leading

19.00 -
zLﬁoj

34,14
_‘46.02

29.36
40.92 .

50.31
- 68,74

‘19.79
©22.91

'37.99
 47.88

- 37.77-
1.52.59.‘

YAW ANGLE

- 100.11 .
o 117.18

12

85.20
93.88

81.96 -
- 87.92

. 106.42
122.26

26.14
27.55

66.57

- 83.55

76.06

65

86.67

18

106.38

125.75.

137.29
156.24

-138.78.

163.81

33.07

35.77

© 84.05
108.89

102.59
117.37

94.93
117.32

2

124;73
153.70

108.05.

1140.55

159.86 -

182.80

30

164.70

-188.38

94.53
125.80

126.65
157.31

41.32
47.32 .

204.53

" 47.76

55.92



TABLE 2 (continued)

YAW. ANGLE

66

o . 6 12 18
UNITS ON BALANCE " | |
SOUTHERN PACIFIG DOUBLE STACK
Two 40 ft. containers o o _
‘Middle . 20.29  23.77  3B.64 = 46.56
Trailing 26.95  27.66  30.58  40.30"
 teadiﬁg~, 41.02  48.85  75.47" *99 13
" One 40 fr. container _ . .
 Middle 16,63 19.92 . 30.59 - 36.46
'--Trailing. 17.78 ~ 20.33  23.08  32.11
" Leading 30.87 © 35.14 - 49.23 . 60.96
Empty S D
| Middle . 38.97  50.37 ° 73.69  87.86
Trailing 38.03  48.45 ' 69.91  84.02
Leading - 61.22 7 74.74 111.29 137.66
| fTRAILER TRAIN PROTOTYPE )
" Two 45 ft. trailers. JC-. e
- Facing forwa;d__ 62.32. ‘63 1 106.01 * '127.32 -
© Facing backward 63.56-»"80 78 149.49 175.39
Two 40 ft. trailers ' . . "
Facing forward = g 54 66,931 111.04 © 140.63
Facing backward d . 67.77 83.34  148.48  188.48
EmPtY 22.93  29.58 . 45.83  58.06
" ROADRAILER - | ‘ |
Two .. .. C . 29.85 " 37{56." 60.64 - . 70.37
Two with skirt ~  25.34 29.95. 44,73  55.66

24

54,98
53.81
113.96 ..

41.00
135,82

- 95,81

88.95
147.32

147,72
188.38
170.03.
219,02 -
1 63.58

. 76.63
| 62.64

30

60.59

40.96

. 37.56

71.83 .

101.99
91.87 oY T
149.45

' 69.40

76.91

65145



TABLE 3

LIFT FORCE AREA’

(ft.?)

- For 1 or 2 units as specified

0o 6

UNITS ON BALANCE °

SANTA FE

45 ft. trailers, facing’fofward
Leading, middle - 1.62> 22.86

Middle, middle - 4.10 15.12°

- Middle, trailing =- 1.79 ~ 23.02

40 ft. trailers, facing férwatd
Leading, middle 0.74 - 21.31

Middle, middle - 1.34 14,92

Middle, trailing - 1.29  17.25

45 ft._trailers, facihg backward  .”

Trailing, middle ~ 0.06  21.70 °

. Middle, middle = - 0.89  17.24

Middle, leading - 2.47  15.50

. 40 ft. trailers, facinglbéckWard

'Trailing, middle =~ 1.90 = 16.76

Middle, middle - 0.70  11.84
Middle, leading = 3.03  10.73

Empty, facing forward ,
Leading, Middle ~ = 2.07  5.88

Middle, middle ~  3.75  5.75

Middle, trailing  4.05 7.9l

2 .

251.68

249.10

229.95

196.70

168.11

. 27.33

20.29

YAW ANGLE
12 18
68.97  139.85
53.87 121.01
46.22  90.73
58.01 129.86 .
50.78  125.36
42.28 119.70
54,446  119.18
53.23° 126.21 "
 52.58  119.80
47.84 . 114.43
27.97  79.14
28.85  83.58
9.70 - 19.13
9.37  14.27 "
11.83

67

' 20.65 -

31.71

30

29.78
40,72  .



{ | S TABLE 3 (contiﬁued)

b
UNITS ON BALANCE
PATON 1O PRO

40 ft. trailers, facing forward

Middle, middle - 5.53 25.04

Trailing, leading . 8,95 32,31

"45 ft. 'trailers,‘fgc;qg,ﬁorward

Middle, middle . - 7,47  27.77

Trailing, leading 10.44 = 34,78 -

40 ft. trailers, facing Qgckwgr§‘:

Middle, middle 3.91 - 25,31

Leading, trailing 4,56 . 26,21

45 ft. trailers, facing backward

Middle, middle = 0.59 22,22

'Leading, trailing 11.01  30.79

Empty

Middle, middle 9.08 18.22

Leading, trailing ;2'43f~. 22.53

40 ft.,cdﬁtainers

Middle, middle  6.52  25.68

Trailing, leading 9;49'“ 31.36

35 ft. containers-

Middle, middle -  7.77  26.88-
' Trailing, leading .'12;é6 }34,Q§.

,1§@L

YAW ANGLE
1g '

1

80,06

62.60.
80.88

65.00
65.27

59.63
73.43

31.86

36,94

69,46,
71,67 -

69,31
72.29

18

144.34
159.26

151,39
173.44

141.27

- 154.78

140.88
r%ﬁfe%&

57,18

69@52

148,79
139,97

148,79

24

248.82

270.03

292.39

316,15

237.62

286.75

- 296.77
251.44

75.66
83,22

- 266.10
253.47

243.03
253.64

30

363.47

- 91.18

106.19



TABLE 3 (continued)

UNITS ON BALANCE. o
SOUTHERN PACIFIC DOUBLE STACK

Two 40 ft. containers

Middle - - 0.22
Trailing - 10.82.

Leading = - 1.14

One 40 ft. container _
Middle . - 0.37 -

Trailing - 3;81

Léading - 5.30
-Empty.~ _ _ .
Middle 0430

~ Trailing .l o 3;02

Leading R - 6.41

TRAILER TRAIN PROTOTYPE

- Two 45 ft. trailers . -
 Facing forward - 4.78

Facing backward "'1.23
. Two 40 ft. trailers E '

Facing forward ~  0.08
"'Fécing backwara' 041
Empty 0402
' ROADRAILER )
Two . -2.15
Two wifh skirt | - 4.56

6

YAW ANGLE

16.25

19.58

. 20.84

- 9.53
12.28
7.58

12

48.65

39.09
49.44

30.38
25,13 .

2724

465

7.10

- 0.09

18.63
17.78

21.56

18.43

5.21

. 57.89

'8.52
5.80 .
1049

‘47.72
52.53

62.54

21.26

~18.38

40.02
43,49

69

18

94,35

78.61
103.86

' 66.84

62.45

57.03

9.86

148.12 .

129.03

141.28
118.74
18.49

 76.56
74,13

4,77
2.11

2

159.67

144.93

174.51

124.65
122.72 -
105. 49

16.86

9.84

'13.62

283.83 .
1254.66
249.28
©215.37.
30.29

184.63

182.91

30

219.60

211.84
190.91

- 181.10

- 43.58

28.79
39.32°

41.33

- 322,91

317,52



UNITS ON BALANCE
SANTA FE

TABLE 4
SIDE FORCE AREA

ey

For 1.-0of 2 units as specified

0 6

.45 ft. trailers, facling forward

Leading, middle
Middle, middle
Middle, trailing

¥

s 4025 5154
~ 7599 45.37

~13.25  35.46

40 ft. trailers, facing. forward

Leading, middle
- Middle, middleé
- Middle, trailing

= 9.31 ﬁ5354

310;36 %5369'
511;@& 3&%582,

45 ft. trailers, facing backward

Trailing, middle

Middle, middie
- Middle, leading

- ég&@. ' &3@&3

=12.68. "&5;%@_
=12.69 40.59

| 40 ft. trailers, facing backward

Trailing, middle
Middle, middle -
Middle, leadifg
Empty,
Lea?ing, mniddle
Middle, middle
Middle, trailing

=12.94 . 40.42 .

= 0.80 1_1Z-,
- 0.78 o 3,32

12
}

13@19&
lingB

.1@%295

130.46

107.15

132008

111.06

:‘95572

.
H
)
.

112,39
‘93¢58 .

@8@03

10.91

7,60

11433

99

YAW ANGLE -

18

260,14

236.97
220.15

937.06

210.58
193.66

284,27
211,07
190.84

314.67
186%90_

187.53

26&%@

' i@ai@Y
. 24716

2%

352.33

328.29

376.96

344,05 -

287.46

53.11

36,60
‘fﬂ6{76;

30

$1.35

76.47



UNITS ON BALANCE
 PATON LO PRO

| TABLE 4

6

40 ft. trailers, facing forward

Middle, middle -
Trailing, leading

-10.14
- 6.24

43.12
42.05

45 ft. trailers, fading forward

- Middle, middle
. Trailing, leading

-12.46

46.12

40 ft. trailers, facing backward

Middle, middle
v Léading,.trailing

- 9.80
-10.24 -

. 35.60
45,04

45 ft. trailers, faclng backward

Middle, middle

" Leading, trailing

- Empty -
Middle, middle
Leading, trailing

40 ft. containers
 Middle, middle
-‘Trailing,-leading

35 ft.icontaineré
Middle, middle
Trailing, ‘leading

: :-12 02

- 5.80

- 1.88

- 7.27
- 7.77

- 7.00
-7.35

- 4.68

33.42
35.35

31.72

 45.67

42.15-
41.20 -

5.09

30.95

-(contihued)

YAW ANGLE
12

111.85
122.25 -

127.05
129.00.

92,21
120.42

110.77
111.75

©16.39°
18.30

89.13
99.22

© 81.68
91.57

71

18

203.30 -
228.98

$218.78
246.54

183.30 -
234,34

222,12

1216.57

39,44
41.75

' 169.27
194.97

164.23
1189.93

24

4
i

320.04
354.62

323.18
372.02

307.98

30

390.68 .

357.97
360.71 -

1 74.70

81.65_

R

4

" 279.09

327.09
i

279.47

©341.83

¢
7.

538.06

115,22
131.46



TABLE‘Qlﬁeééﬁiﬁ%Qé)

UNITS ‘ON BALANCE

SOUTHERN PACIFIC DOUBLE STACK

Two 40 ft. cpnpainegg-" '
Mldqle ' - = 4,85

Trailing‘ -  ’¥2:§9 oo

' Leading = - - -12,90

One 46'f;~ container
~-Middle: |
\-7irailing
Leading

A

2.97
4,97
4,27

Empty
Middle -
Trailing

2,69

B |

q. .

'Leqdiﬁg

TRAILER TRAIN PROTOTYPE e

Two 45 ft trailers'"

Facing forward ~13,82 .

Faclng backward“ - 9.74 =

'"1'Two 40. ft. t:a;;ggs,

8.32
8,54

. Fac1ng forward
- Facing backward
- Empty o '

1

ROADRAILER
Two - _
. Twe with skirt

.

5#@2”

2.84

6.1

38,24
3&!63"’

49.23

- 12,52
10.24

15,70

13,09

12,34

16.95 .

53,37
,45.38

47,73

43.79

-69@2

34,04
3$§é§f

- YAW ANGLE

1z

[
«

109“72
96 29

129 82 -

3744
33.20

- 50.96

38,02

37,26
50,69

187.81

98.91°

‘139;64 

19§f3§
19,57 .-

- 115,58

- 18

- 211.99
197,72
259,27

'77591':
._7%01
102,90

76,55
74,66
95,85.

24

. 329

306

407

122,
113.
. 163,

uy.

115

138,

361
342,

3 :5»0_ ;«,'
- 349,
66

.23
.68
128

65
40
26 -

9% .
.87
76 .

30

435.99

170 60
167 88 -

227.68

156.61
156,70

181,69

42

o1

88

.43

98.61

426.08
© 452.78



TABLE 5

ROLLING MOMENT VOLUME
(ft. )

For 1 or 2 units as specified ;_ﬁoment'takeh

73

YAW ANGLE
. 0o 6 12
UNITS ON - BALANCE
SANTA FE
45 ft. trailers,‘facing-forward -
Leading, middle - 13.9  444.8 1200.7
Middle, middle - 61.5 361.0  978.6
- Middle, trailing -109.7  277.8  .888.7
40 ft. trailers, facing forward
Leading, middle - 63.3  399.1 1304.6
Middle, middle - 82.2  377.0  900.8
Middle, trailing -~ 96.2 = 265.8  784.9
45 ft. trailers, facing backward : ‘
Trailing, middle - 12.1  376.8 1154.5 .
Middle, middle = -110.6  375.0  913.4
Middle, leading  -103.8 339.3 822.3
40 ft. trailérs,:ﬁ#cing‘backward _
Trailing, middle =-123.8  335.4  966.9
Middle, middle - 80.0 ' 309.8  727.1
 Middle, leading - 89.3 . 363.0 7896
.Eﬁpty . o
| lLeading, middle - - 2.4 2.8 23.1
Middle, middle - 6.6 - 9.4 4.1
. Middle, trailing 5.8 = 7.8

35,6

about top of rail

18

2223.3
1964.7

1863.3

12370.6

1813.6
1618.3

2139.3

1779.7

1674.3

1859.1
1460.4
1569.3

58.5
32.2

- 77.0

24

#

1

2945.2

2831.3 -

. 3401.3

2993.6

'2375.1

- 124.7
- 79.5
142.8

30

147.3-
235.2



TABLE 5 (continued)

o - 6

UNITS ON BALANCE |
PATON 'LO_PRO - |
40 ft. trailers, fac¢ing forward

Middle, middle - = 63.4  306.
Trailing, leading - 29.3 289,

45 ft;-trailers,'facihg‘forward

- Middle, middle - 74.0-  323.
Iraiiing,»lgadiﬁg -119.0 - 330.

40 ft. -trailers, facing backward

- Middle, middle - 64.0  256.
. Leading, trailing = 71.4 ° 316.

. 45 ft. trailers, facing backward

Middle, middle - 90.4  307.
Leading; trailing - 31.3 -288.
‘ Empty" _ §
Middle, middle - 4.9 = 22.
Leédiﬂg,'t:ailing - 6.1 6.

40 ft; containers -

Middle, middle - - - 32.7 202;
‘ $Trailing,‘1eading - 28.1 202,
35 ft. containers

‘Middle, middle.-” - 33.7 189.

Trailing, ieadiﬁg

W

.3‘"

29,9 182.

3

.3

0

.3

5
7

0.

) .

o,
9.

8-

4

2 .

74

YAW ANGLE

12 18
798.9 * 1472.0°
861.9 1631.0
902.6 " 1583.9

1 897.9  1774.5
629.5 1269.3
855.2» 1685.1
'815.8  1625.0
781.3 - 1525.3

85.3  182.7

94,1 - 191.7

- 581.2  1137.8

610.4 - 1245.4

 517.5 - 1078.6 .
540;3 1182.8

24

2345.0

2651.0

23341
2793.4

2130.9
2836.7"

'2569.4
'2536.4:

308.4
347.8

1867.9

2125.9

1808.1
2203.1

30

" 3791.5

426.3
536.2



-.“ U:Middlg

' TABLE 5 (continued)
" YAW ANGLE
| .0 - & 12 18 24 30
UNITS ON BALANCE | | | -
* SQUTHERN PACIFIC ARTICULATED DOUBLE STACK
 Two 40 ft. containers S ” . .
. Middle. - ='30.3  354.8  972.2 1797.3 2774.3 - .
© Trailing  -104.1 337.2  886.0 1717.5  2611.7  4137.8 -
' Leading . -108.7 443.7 1099.6  2169.3 '3805.5 = :

-3

)

 .One 40 ft. container

19.4  68.4  213.8° 439.0  691.6  983.8
25.4° 54,27 193.9 4225 = 645.9 . 937.6 -
20.1  76.7  263.6  553.3 . B891.3  1262.6

'_Tiailing
Leading

~ Empty : - S
| ‘Middle . 2.1 53.3  176.4  360.4 .550.8  755.1
Trailing - 6.9 441 162.5  335.3 528.8 - 728.2
- L3 6.2 2141 4217 632.2 - 840.5

; Leading.

© TRAILER TRAIN PROTOTYPE
R Two 45 ft. trailefs . _ , , L
. Facing forward ~ -116.5 ~ 455.7  1181.3 _2060.3  3104.8
| Facing backward =~ - 74.1 -377.8  988.8 2010.6  3428.9

- Two 40 ff.'trailers S - S
' Facing forward - - 58.8 401.6 1053.2 1970.4  3051.2
Facing backward - 69.4  375.3  843.4 '1712.3 -2910.1.

Bwpty . 7.2 62.I - 62.8 120.1 1943 = 280.2
ROADRATLER S o SR S
“Two S ~-35.1. 237.2  772.7 ‘1542.1  2291.3  3110.1
- Two with skirt - 36.2°  255.8  836.8 1691.2 = 2456.2  3362.3

)

‘ k 75



. . APPENDIX A

RELATIVE WIND

The aerddynamic effects on the. train depend upon the
.relative veiocity_of'the wind with respect to the train..
'Tﬁié velocity can be caused by either the wind over the
- ground or the motion of the train. The relative wind is
found from a vector additionkof these two quantities as
fshbwnliﬁ Figure A-1l. The relative wind and yaw angle caﬁ

be calculated using the following relations. ‘

Vr -}#YVW sincﬂ?+(vt + v, cos.a)2

I | vV, sin a |
Y = arctan | ; -

Vt + Vw'cos o

76



Figure a-1. Diégram Illustrating Relative Wind as Determined
by Actual Wind and Train-Speed.



APPENDIX B ,'
»COMPARISON BETWEEN PRESENT TESTS AND PREVIOUS TESTS OF TTX CAR .

A large number of tests were run in Reference 1 to deter-
mine the aerodynamic propertles of trailers and containers on
TTX cars. In the present series of tests a check run was made
of one of'the configurations to determine if the previous re-
sults would'be,reproduced by the present series of tests. The
purpoée of this check was to make sure that the tests.invboth'
series were being run in the same way and that uncontrolled dif-
ferences'had~not occurred that would cause different results to
'be*obtaihed. ‘The: comparison. is shown in Figure B-1l. . Results
'ffor the TTX car loaded with two trallers in both the forward

and in the backward directions are shown from the prev1ous )
Vtests and the check run for trallers run in.the backward dlrec-
tion from. the present series. Unfortunately, at the higher
’yaw angles contact existed between the metrlc car and the fixed
ground plane., The presence of such‘contacts/ls monitored by
electrically“isolating the metric assembly from the fixed as-
sembly and'monitoring the electric'resistance between the two.
While this system: did not lndlcate contact until the 24° yaw
. angle was, reached, the axial force area results show a levellng
" off after the 12° yaw angle measurement. The previous and pre-
‘ Asent results seem to agree well up to the 12°yaw angle p01nt

“i,but, as the yaw’ angle continues- to 1ncrease, the present results

" -do. not" contlnue to rise as do the prev1ous results. The ex- -

fplanatlon would seem to be that the. dlscrepancy is caused by the
‘contact between the metric and statlonary parts. The agreement
at the low yaw angles is a good substantlatlon that the two o
sets of w1nd tunnel results are in agreement. It is"- unfortunate,
that 1t was not p0551ble to repeat thls check and determlne whe-
. ther the proposed explanatlon is valid. '

R

i
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150

100

. . Present tests, Backward
===~ — Previous tests, Backward
~—-—- Previous tests, Forward

Py .
oL S DR S IR L
0 0 15 20 . 25 30

° Figure B-1.

o v Adégrees‘,- 4 _
‘Comparison of Axial Force Area as a Function of -
Yaw Angle for Present and Previous Tests of TTX -

-Cars.’
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© apemwpIx C - |
_ GROUND PLANE EFFECTS IN WIND TUNNEL TESTING

T
v

bThe aerodynamics of a vehicle near the ground are dif-
'ferent than those. of a vehicle far from the ground. This
dlfference lS called ground effect. For purposes of under-

o standlng, aerodynamic phenomena are uSually classified as

viscous and inviscid.  Inviscid phenomena are those in which
~’the~Viscousity of the air is not important and viscous ones,
ones in whlch the viscousity 1s 1mportant. Viscous effectsh
are usually llmlted to the region near-a solid surface, the
-_thln layer along thls surface whlch is called the boundary
layer. '

Inv1sc1d Ground Effects

Inv15c1d ground effects are cdused by the fact that the
’falr dlsturbed‘by the passage of the body is prevented from
"chSSLng_the ground plane. Thls effect can be of cons1derable»
importanCe.» For -instance, a cyllndrlcal body w1th a .component
of flow perpendicular to the axis w1ll have zero lift far from
the ground but will have conslderable lift close to the_ground. _
‘ MéaSurements-that substantiate’this statement are given in |
References 3 and 4. The reason is that away from the ground
the alr flowssymmetrlcallyaround the cyllnder but near the
:ground most of the air must flow over the top:. The effect
upon axial force is less pronounced than on lift. It can be
expected to be greatest for bodies of approx1mately the same
helght as w1dth and be small for bodies- Whlch have one of
these dlmens1ons much  larger than the other. The axial force
on a body with approximately equal dimensions 1s lower than
when one dimension predomlnates (a sphere has a lower drag
coeff1c1ent than a cyllnder) The inviscid flow about a
body on the ground is. the same as that about a body made up
of the orlglnal body and 1ts 1mage in the ground plane when
- this new body is located far from the ground. If the body is
already long enough so that the flow field is similar to that
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'for a width to height ratio.of zero or infinity,;a change in
‘either of these dimensions by a factor of two will have little

effect. However, if the dimensions are about egual; a change

in one of the dimensions by a factor of two is. an- 1mportant
- change of shape. - '

These 1nv1s01d effects are the ones which: can be properly-

. satlsfled in wind tunnel tests and -are the reasons for u51ng a.

ground plane or. equlvalent.

"Vlscous Effects

_ The v1scous effects of ground effect are not ea51ly
satisfied 1n wind tunnel tests. Vlscous effects ‘cause a shear
force on the air in a direction to oppose motion between the

‘Hair‘and-the solid surface. a ground vehicle moves w1th respect ’
- to the ground. and it is dlfflcult to 51mu1ate this motlon of
the ground w1th respect to ‘the vehicle in the wind tunnel

Thls sxtuatlon has been dlscussed in Reference 1. (espec1ally

'pages 21~ 22) The easiest solution is a ground plane statlon-.i

ary with respect to the model. This represents the poorest

'”51mulat10n of the v1scous ground plane effects of the dlfferent
: ':methods to be dlscussed, s:ane the wall shear force is in the '
- wrong dlrectlon, but does not lntroduce any addltlonal problems.
* Another technlque is the use of twa models, the actual ‘and an
image model Here symmetry requlres that the . 1mage plane be. -

a streamllne and no- shear forces are introduced by the wall’

151nce there is no wall. (It is assumed that' the model and

. .image are far enough apart so that the boundary layer on the
ilmage model does not effect the.actual model.) The thlrd _‘1
,technique is to use a ground plane consisting of a mov1ng‘be1t.

If the belt is run at the speed of the flow it properly 51mu—'

flates a ground vehlcle moving over the ground into Stlll air.

‘The viscous shear forces -on the ground plane then act to maln—'
. tain the air speed at 1ts undisturbed value.v This last method
. is a correct 51mulatlon to the actual-sltuation. Its.dlsad-"%

vantages are that it requires a spe01al piece of eguipment.
 ‘that. the belt helght is* hard to control prec1sely, and that -
:the model cannot: be supported from the ground plane. ‘
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" At least twa'iﬁvesﬁiqatcfs, Referénces 4 and 5, have
attiérﬁﬁté‘é te evaluate the éffafs‘causea by these 'different '
technlques by comparlng the results found by using. the dif-
ferent methoﬁs on - thé same models. These measurements show
that the ﬁlfferences between the technlques are small.and
there was fiot 4 consistant trend bétween the different tech-‘
nigues: 1f the méVihg belt technlque is assumed to give the
correct answer, the 1mage fidthod does not appear to be super-
ior to the Fixed ‘ground plane te¢hnique. The conclusion drawn
" from these studies is that only in special circumstances is
a techhigue other thahn the iikeajgrounﬁsplane ﬁustified.

Boundary Layer ‘Considerations

’

a calculatlon*of the boundary layer for the serles of

: .frelght ‘cat rests run in the CIT wind tunnel was -given in

o

vReference 1 anhd repeated hetre as Figure €-1. ‘'This figure shows
that the?boun&ary-&ayerAasﬁanﬂappreolab&\ fraot;onfof the -
Hel'ght of 'the Wnloaded multimoBal cars wecently tested. It is

Ho't until qu1te close %o theswaiihﬁhat ﬁhe%boundary layer ve-
1%0c1tyxarops-appreciab&e

‘£i'om free sitream wvelocity (0.8 free

5‘tream veEoc1ty at*O«Z'of the>boundary Yayer helght fromathe'
*wallo FlguEe*C—Qbshows’the‘mralier Traln\Rrototype .car 1oaded

‘w1th&a‘tra1& ‘and he caﬂculﬁtédiboundary layer thlckness at
the'ﬂocatlon of\the metrlcacan

.
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